
Citation: Zhou, W.; Xing, K.; Dou, S.;

Yang, Q.; Xu, X. Experimental and

Numerical Investigations on the

Mixing Process of Supercritical Jet

Injected into a Supersonic Crossflow.

Aerospace 2022, 9, 631. https://

doi.org/10.3390/aerospace9110631

Academic Editor: Paul Bruce

Received: 18 September 2022

Accepted: 20 October 2022

Published: 22 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

aerospace

Article

Experimental and Numerical Investigations on the Mixing
Process of Supercritical Jet Injected into a Supersonic Crossflow
Wenyuan Zhou 1,2, Kai Xing 3, Suyi Dou 1, Qingchun Yang 1,* and Xu Xu 1,*

1 School of Astronautics, Beihang University, Beijing 100191, China
2 Shanghai Institute of Space Propulsion, Shanghai 201112, China
3 Shanghai Electrical and Mechanical Engineering Institute, Shanghai 201100, China
* Correspondence: yangqingchun@buaa.edu.cn (Q.Y.); xuxu_1521@126.com (X.X.)

Abstract: The mixing process and distribution characteristics of a supercritical endothermic hydro-
carbon fuel (EHF) jet injected into a supersonic crossflow were investigated by experimental and
numerical methods, respectively. The schlieren system and acetone planar laser-induced fluorescence
(PLIF) optical system were used to capture the flow-field structural characteristics and instantaneous
plume. The mixture and real gas models were employed to calculate the interaction of a transverse
jet and supersonic crossflow and reveal a good accuracy with the experimental results. The mixing
efficiency and total pressure loss were analyzed based on the numerical results. The results indicate
that the supercritical-state EHF directly changes to a gaseous state as it enters the supersonic crossflow
from the injector. The EHF jet plume boundary increases with the increasing momentum flux ratio (q).
As the streamwise and spanwise distance increases, the traverse heights and expand width increase,
and the EHF jet plume presents a semicircle shape in the cross-sectional plane. With the increase in
the traverse direction, the concentration distribution shows a fast and then slow power exponential
decreasing law; the highest concentration point starts from the near-wall region and rises in the
transverse direction with the flow distance increasing. For the same injection condition, the higher
the inflow Mach number, the higher the mixing efficiency. For the same Ma, the mixing efficiency is
better for the case with low injection pressure and high injection temperature. The total pressure loss
is greater in the higher Ma, and high injection pressure conditions cause greater total pressure loss.

Keywords: scramjet; supercritical hydrocarbon fuel; mixing processes; distribution characteristics;
supersonic crossflow

1. Introduction

The scramjet engine is considered to be the promising air-breathing propulsion system
for future supersonic aircraft [1,2]. The high enthalpy airflow and combustion heat release
make the scramjet face an extremely strict thermal environment [3]. Endothermic hydrocar-
bon fuels (EHFs) are used both as fuel and a thermal protection coolant for regenerative
cooling scramjet engines [4–6], which have the advantages of a high volumetric energy
density, large heat sinks, and ease of storage [7,8]. After absorbing heat, EHF becomes a
supercritical fluid and presents unique thermophysical properties. Supercritical-state EHF
is characterized by a density similar to that of a liquid and a viscosity coefficient similar
to that of gas, as well as zero surface tension, zero latent heat of vaporization, and high
compressibility [9].

For scramjet engines, due to the extremely high-speed incoming flow and the limited
length of the combustor, the residence time of the fuel jet is very short. Therefore, the
hydrocarbon fuel–air mixture has a significant influence on the ignition process [10] and
combustion efficiency [11,12], which ultimately affects the thrust performance. As for liquid
fuel injected into a supersonic crossflow, plenty of studies mainly focus on jet breakup
and atomization [13,14], droplet–gas mixing [15], distribution characteristics [16,17], and
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evaporation process [18]. Furthermore, supercritical-state EHF can be directly converted to
gaseous EHF without evaporation in a low static pressure environment, which significantly
enhances the mixture of fuel and air. For high enthalpy crossflow, Yuan et al. (2018) [19]
investigated the evaporation characteristics of the JP-4 jet spray with a high-speed camera
coupled with the schlieren system and Mie scattering observation. In previous references,
fewer experimental studies for heated kerosene jets in supersonic crossflow have been
published in comparison with the cold condition. Yang et al. (2021) [20] proposed that
fuel temperature and local flow velocity competitively influence the phase distribution in
the jet plume, resulting in different evaporation distances in the direction perpendicular
to the wall. Sun et al. (2014, 2016) [21,22] experimentally investigated the supersonic
combustion with a cavity-strut injection of supercritical kerosene in a model scramjet engine.
Fan et al. (2006) [23] conducted the preheat kerosene in a supersonic model combustor
experiment and showed that the use of vaporized kerosene injection holds the potential
of enhancing fuel–air mixing and promoting overall burning. Nevertheless, compared
with liquid fuel and gas fuel, the recent studies of the mixing process and distribution
characteristics of supercritical-state fuel jets injected into supersonic crossflow are not
comprehensive, and the flow-field parameters have not been reported. The mixture of
fuel and air is critical for the ignition process and combustion efficiency, which ultimately
affects the performance of the engine. Therefore, an in-depth study of the distribution
characteristics of supercritical-state fuels is very essential for the optimal design of injectors
and combustion chambers.

For the two-phase flow physics of the jet in supersonic crossflow (JISC), plenty of
experimental works have made the macroscopic discussion. However, the detailed analysis
is still challenging to perform because of the limitations of optical techniques in resolving
the spatiotemporal evolution of the highly unsteady flow field [24]. Recently, numerical
simulation becomes an efficient way to investigate the distribution characteristics and
mixing process of flow structures formed by the interaction of transverse jet and airflow.

Therefore, based on the experimental method and numerical simulation, the distri-
bution characteristics of a supercritical hydrocarbon fuel jet injected into a supersonic
crossflow were investigated in this paper. The schlieren system is adopted to capture
the flow-field structural characteristics, and the acetone planar laser-induced fluorescence
(PLIF) technique is used to obtain the concentration distribution of the jet plume. A two-
phase flow algorithm is applied for details of interaction simulations of supercritical-state
EHF and gas crossflow based on the mixture model. A series of numerical simulations have
been conducted in parallel to compare with the results of the actual flow field. The mixing
characteristics are analyzed based on fluorescence concentration distribution obtained by
the acetone PLIF experimental method.

2. Experimental Setup and Method
2.1. Experimental Facilities

The mixing experiments were performed in a two-dimensional supersonic wind
tunnel with designed Mach numbers, as shown in Figure 1. High-pressure air enters the
test section after being accelerated through a 2D Laval nozzle. The dimension in the test
section is 250 × 54 × 32 mm. Three windows were opened on the top and two side walls,
which were inlaid with S2 optical glasses for observation and imaging. The Mach number,
total temperature, and total pressure of supersonic flow in the test section are 2.0 and 2.8,
300 K, and between 0.43 MPa and 0.79 MPa, respectively. The supercritical-state EHF was
injected into the test section upward with a diameter of 0.5 mm and a length-to-diameter
ratio of 8. The Cartesian coordinates system employed in the experiment is also shown in
Figure 1, and the origin is established at the center of the injection orifice. The x, y, and z
denote the direction of streamwise, transverse, and spanwise, respectively.
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Figure 1. Schematic of experimental setup.

The experiments were conducted using kerosene-based EHF as fuel with a critical
pressure of 2.7 MPa and a critical temperature of 680 K. The supercritical EHF was generated
by two stages of electric heaters short-circuited to stainless-steel tubes with rated voltages
of 60 V and 80 V output, respectively. The EHF temperature was raised by heat transfer
between the metal wall and the fluid inside the pipe. With the coordination of two heating
stages, the EHF reached the required temperature from room temperature to 900 K in 120 s.
An electric heating band wrapped around the pipe between the heater and injector with an
output of 600 W ensured the precise control of the injection temperature (±1 K).

The EHF was supplied by nitrogen pressurization at different pressures. The flow rate
of the fuel was measured by a mass flow meter with an accuracy of ±0.5%, and the total
equivalent ratio of the EHF was controlled by the nitrogen pressure. The static pressure
of the inflow and EHF injector was measured using pressure sensors with an accuracy
of ±0.1%. The fuel temperature was measured using armored K-type thermocouples,
with a probe diameter of 0.5 mm, temperature measurement range of 100–1600 K, and
accuracy ±0.75%.

2.2. Optical Diagnostic System

The schlieren system was adopted to capture the flow-field structural characteristics
and instantaneous plume. The imaging system was composed of an LED array light source,
schlieren system light path, and digital camera. The digital camera (Canon EOS 5D Mark
IV) equipped with a Nikon AF 60 mm microlens was used to record the near-field spray
zone. The camera exposure time is 1/8000 s, and the image resolution is 6720 × 4480 pixels.
The frame frequency is 2000 fps.

The acetone PLIF optical system was used to observe the flow structures of the EHF
plume, which consists of a pump laser (Nd: YAG), dye laser, sheet optics, intensified
charge-coupled device (ICCD) camera, filter, synchronization controller, and computer. The
frequency-tripled Nd: YAG laser at an excitation wavelength of 355 nm was adopted, and
the excitation wavelength was converted to 284 nm by the dye laser. The pulse frequency,
pulse width, and pulse energy of the laser used in the experiments at 284 nm are 10 Hz,
10 ns, and 20 mJ, respectively. In the experiment, a high-energy pulse laser beam was
transformed into a light sheet through light-sheet optics, which was equipped with a
cylindrical lens and a spherical lens and placed on the top of the test section. The length of
the laser sheet is about 80 mm, and the thin waist is about 0.3 mm.
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Since the fuel downstream distribution is the main focus of the current study, the
laser sheet is located in the center and cross-sectional planes of the test section and extends
from the leading edge of the top optical window, as shown in Figure 2. Each optical
measurement can only visualize the fluorescence signal of a single laser sheet plane for the
operating conditions. Based on a series of measurements in the center and cross-sectional
planes, the three-dimensional structure of the EHF jet plume can be reconstructed. The
ICCD camera captures flow-field information using a 1376 × 1040 pixel imaging array. The
image deformation caused by the inclination of the camera is corrected according to the
Scheimpflug principle [25].
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Figure 2. Schematic of test section, injector, and laser optics.

In the current work, a 5% molar fraction of acetone was added to the EHF as a tracer for
PLIF measurements. This concentration is high enough to ensure reasonable fluorescence
levels, yet low enough to observe the same jet dynamics as the jet plume without ace-
tone [26]. Acetone PLIF imaging techniques are applicable up to approximately 1000 K [27].
The absorption spectra of acetone at high temperatures have been measured in previous
studies [28]. The ICCD camera captures the majority of the acetone fluorescence signal with
a 400 nm high-pass filter to eliminate elastic light reflections. The comparison of the fluores-
cence signal instantaneous image with and without acetone at Test 1-1 experiment condition
is shown in Figure 3. It is obvious that the acetone–PLIF system has excellent characteristics
of exciplex stability for high-temperature EHF jet ejected into a supersonic crossflow.
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2.3. Experimental Conditions

The jet–air momentum flux ratio is given by

q =
ρju2

j

ρgu2
g

(1)

where ρ and u represent the density and velocity, respectively. The subscripts “j” and “g”
indicate the EHF jet and gas crossflow, respectively.

The Mach number is given by

Ma =
ug

c
(2)

where c is the sound speed in the gas.
The distribution characteristics of different momentum flux ratios were investigated by

varying the EHF injection pressure and temperature under constant crossflow conditions.
Four groups of operating conditions were set for comparison in this research as listed
in Table 1, including the inflow Mach number, EHF injection pressure and temperature,
and the momentum flux ratio. Considering that the EHF jet is ejected as a supercritical
fluid, the properties and momentum fluxes of the EHF jet were calculated using NIST-
SUPERTRAPP [29]. The effect of the decomposition of EHF on injection during heating
was not considered in this study.

Table 1. Experimental operating conditions.

Test
Mach
Number,
Ma

Total
Pressure,
P0/(MPa)

Injection
Pressure,
Pj/(MPa)

Injection
Temperature,
Tj/(K)

Momentum
Flux Ratio,
q

1-1 2.0 0.44 2.8 705 4.48
1-2 2.0 0.43 2.8 730 4.77
1-3 2.0 0.44 2.8 780 4.96
2-1 2.0 0.43 4.2 707 4.73
2-2 2.0 0.46 4.1 735 5.44
2-3 2.0 0.44 4.1 776 6.58
3-1 2.8 0.75 2.8 709 4.67
3-2 2.8 0.72 2.8 740 4.74
3-3 2.8 0.79 2.8 770 4.82
4-1 2.8 0.77 4.2 707 4.70
4-2 2.8 0.79 4.2 738 5.71
4-3 2.8 0.76 4.2 767 6.77

3. Numerical Methods
3.1. Mixture Model

The mixture model was applied in this work to simulate the interaction of the trans-
verse supercritical-state EHF jet and airflow. The mixture model uses a single-fluid ap-
proach and allows the phases to be interpenetrating. The volume fractions αq and αp for a
control volume can, therefore, be equal to any value between 0 and 1, depending on the
space occupied by phase q and phase p. The mixture model solves the continuity equation
for the mixture, momentum equation for the mixture, energy equation for the mixture, and
volume fraction equation for the secondary phases, as well as algebraic expressions for the
relative velocities.

The continuity, momentum, and energy equations for the mixture are as follows:

∂

∂t
(ρm) +∇·

(
ρm
→
v m

)
= 0 (3)
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∂
∂t

(
ρm
→
v m

)
+∇·

(
ρm
→
v m
→
v m

)
= −∇p +∇

[
µm(∇

→
v m +∇→v

T
m)

]
+ρm

→
g +

→
F −∇

(
n
∑

k=1
αkρk

→
v dr,k

→
v dr,k

) (4)

∂

∂t ∑
k
(αkρkEk) +∇·∑

k

[
αk
→
v k(ρkEk + p)

]
= ∇·

[
ke f f∇T −∑

k
∑

j
hj,k
→
J j,k +

(
=
τe f f ·

→
v
)]

+ Sh (5)

where
→
v m, ρm, and αk are the mass-averaged velocity, mixture density, and volume fraction

of phase k, respectively,

→
v m =

1
ρm

n

∑
k=1

αkρk
→
v k, ρm =

n

∑
k=1

αkρk

and n,
→
F , µm, and

→
v dr,k are the number of phases, body force, the viscosity of the mixture,

and the drift velocity for secondary phase k, respectively,

µm =
n

∑
k=1

αkµk,
→
v dr,k =

→
v k −

→
v m

and hj,k,
→
J j,k, ke f f , and Ek are the enthalpy of species j in phase k, diffusive flux of species j

in phase k, effective conductivity, and total enthalpy, respectively,

ke f f = ∑ αk(kk + kt), Ek = Ek −
p
ρk

+
v2

2

where kt is the turbulent thermal conductivity defined according to the turbulence model
being used and is the sensible enthalpy for phase k.

The relative velocity is defined as the velocity of a secondary phase p relative to the
velocity of the primary q:

→
v pq =

→
v p −

→
v q (6)

The mass fraction for any phase k is defined as

ck =
αkρk
ρm

(7)

The drift velocity and relative velocity are connected by the expression

→
v dr,p =

→
v pq −

n

∑
k=1

ck
→
v kq (8)

where
→
v kq is the velocity of phase k relative to phase q.

From the continuity equation for secondary phase p, the volume fraction equation for
secondary phase p can be obtained:

∂

∂t
(
αpρp

)
+∇·

(
αpρp

→
v m

)
= −∇·

(
αpρp

→
v dr,p

)
+

n

∑
q=1

( .
mqp −

.
mpq

)
(9)

3.2. Real Gas Model

EHF is injected into the supersonic crossflow as a supercritical state, and the real gas
effect causes parameters such as the specific heat ratio of the supercritical as well as gaseous
hydrocarbon fuel to vary with temperature and pressure. The flow of supercritical-state
EHF cannot be typically accurately modeled using the ideal-gas assumption. Therefore,
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the Aungier–Redlich–Kwong real gas model [30] is used instead for the simulation of
supercritical-state EHF.

The Aungier–Redlich–Kwong equation of the state of the gas (A–R–K EoS) is written
in the following form:

P =
RT

V − b + c
− a(T)

V(V + b)
(10)

where c is a correction value defined by

c =
RTc

Pc +
a0

Vc(Vc+b)
+ b−Vc (11)

and for the forms
a0 = 0.42747 R2T2

c /Pc
b = 0.08664 RTc/Pc

n = 0.4986 + 1.1735 ω + 0.4754 ω2
(12)

The equation is improved for fluid properties near the critical point and substances
with negative eccentricity factors and provides better predictions for calculations near the
critical point.

3.3. Simulation Settings

The schematic diagram of the computational domain is shown in Figure 4, which
is 162 mm, 32 mm, and 27 mm in the streamwise, transverse, and spanwise directions,
respectively. The jet orifice with a diameter of 0.5 mm is located in the center of the bottom
floor and 20 mm from the leading edge. To reduce the computational cost, half of the
flow-field area is considered, and the symmetry plane condition is adopted in the center
section. The bottom and top walls are reducible to an adiabatic and no-slip condition. The
velocity vector, static pressure, and static temperature of the supersonic inflow are specified
based on experimental conditions. The outflow parameters are acquired by a second-
order extrapolation of interior variables. The velocity vector, static pressure, and static
temperature of the fuel jet are specified based on experimental conditions. The fuel flow
rate obtained from the simulation is within a 7% error of the experimental measurement,
indicating that the fuel inlet boundary conditions are accurately set. The mesh is refined
around the jet orifice, near-wall region, and injection flow channel. The number of grid
points in the streamwise, transverse, and spanwise directions is 162 × 91 × 95 in the
rectangular channel and 25 × 59 × 25 in the injection flow channel of the fuel jet, which
leads to a total number of cells of 1,620,420.
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The numerical simulation is performed on the commercial software ANSYS Fluent®.
The mixture model is applied to simulate the interaction of the fuel jet and supersonic
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crossflow, and the real gas model is used to simulate the supercritical-state EHF under
very high-pressure conditions. A pressure-based solver is used for steady calculation, and
the SIMPLE algorithm is employed. The pressure-velocity segregated solver is used, and
spatial discretization is conducted with a second-order upwind method. The realizable
k-ε model is used for turbulent modeling in the steady-state calculation. The steady-state
numerical results provide deeper insight into the flow and mixing characteristics, as well
as the jet plume spatial distribution, mixing efficiency, and total pressure loss. Moreover,
the large eddy simulation (LES) is used for turbulent modeling in the unsteady-state
calculation (Case U3-2). The unsteady-state numerical simulations are conducted to obtain
more details of the flow structure formed by the interaction of the transverse jet and
supersonic crossflow.

Two types of numerical simulation were set in this research as listed in Table 2,
including the steady-state case and the unsteady-state case.

Table 2. Numerical simulation conditions.

Case
Mach
Number,
Ma

Total
Pressure,
P0/(MPa)

Injection
Pressure,
Pj/(MPa)

Injection
Temperature,
Tj/(K)

Momentum
Flux Ratio,
q

S1-1 2.0 0.44 2.8 705 4.48
S1-2 2.0 0.43 2.8 730 4.77
S1-3 2.0 0.44 2.8 780 4.96
S2-1 2.0 0.43 4.2 707 4.73
S2-2 2.0 0.46 4.1 735 5.44
S2-3 2.0 0.44 4.1 776 6.58
S3-1 2.8 0.75 2.8 709 4.67
S3-2 2.8 0.72 2.8 740 4.74
S3-3 2.8 0.79 2.8 770 4.82
S4-1 2.8 0.77 4.2 707 4.70
S4-2 2.8 0.79 4.2 738 5.71
S4-3 2.8 0.76 4.2 767 6.77
U3-2 2.8 0.72 2.8 740 4.74

4. Results and Discussion
4.1. Flow Structure

The flow-field structural characteristics are acquired with the schlieren system and
numerical method. Figure 5 presents the Mach number contour plot at the symmetric
surface (Case U3-2). In this simulation case, the Mach number and total pressure of the
supersonic flow are 2.8 and 0.72 MPa, respectively. The injection pressure and injection
temperature of the EHF jet are 2.8 MPa and 740 K, respectively. The numerical result shows
the complex shock structure of the jet interaction flow very well. A barrel shock and Mach
disk that formed due to the rapidly expanding jet are clearly captured. A recompression
shock structure forms due to the change in the flow direction behind the Mach disk. The
bow shock is induced by the interaction of the barrel shock and airflow, resulting in the
separation zone of the boundary layer upstream. It indicates that the supercritical-state
EHF directly changes to a gaseous state as it enters the supersonic crossflow from the
injector [31,32]. Figure 6 compares the shock structure of the experimental and numerical
schlieren images. Both images show good agreement in terms of the size and position of
the shocks.

The bow shock angle obtained by schlieren images under different test conditions
is shown in Figure 7, which reflects the effect of the jet on the flow field. In the Ma
2.8 incoming flow (Figure 7a), the bow shock angle does not vary much for different
injection temperatures and injection pressures, and the jet-to-air momentum flux ratio
varies from 4.6 to 6.8. Figure 7b presents the bow shock angle for a similar injection
condition at different incoming Mach numbers. It can be seen that the bow shock angle
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at a lower Mach number is significantly larger under the similar injection condition and
momentum flux ratio.
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Figure 7. Bow shock angle under different test conditions. (a) Injection condition. (b) Mach number
for incoming flow.

The evolution of the supercritical EHF jet with the contours of the mass fraction in
supersonic crossflow is shown in Figure 8 (Case U3-2). The test conditions are Ma 2.8
incoming flow, 2.8 MPa injection pressure, and 740 K injection temperature (Test 3-2). As
can be seen, a backflow area appears just after the fuel is injected into the crossflow, and
part of the fuel enters upstream along the lower wall surface. The jet morphology displays
strong instability.
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Figure 8. Morphology of supercritical jet in supersonic crossflow: (a) t = 2 µs, (b) t = 4 µs, (c) t = 6 µs,
(d) t = 8 µs, (e) t = 10 µs, (f) t = 12 µs (Case U3-2).

4.2. Spatial Distribution

The central plane distribution of the EHF jet plume is investigated by the acetone PLIF
method, and the instantaneous images of the fluorescence signal are shown in Figure 9
(Test 1-1). It can be seen that the large-scale eddy structures are in the shear layer between
EHF and the main flow. The structure of the EHF jet plume is unsteady and greatly
varies due to the effect of turbulence. The EHF concentration images are colored with
the fluorescence signal intensity. To reduce the effects of laser sheet intensities and test
environments, the fluorescence signal results are normalized.
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Figure 9. Instantaneous images of fluorescence signal: (a) t = 1 s, (b) t = 2 s, (c) t = 3 s,
(d) t = 4 s (Test 1-1).

For the instantaneous images of the fluorescence signal, the EHF jet is unsteady and
time-varying. Therefore, the statistical analysis of the EHF jet needs a spatial average and
temporal average [33]. The average fluorescence signal image of the center-plane EHF jet
is obtained from the experimental data under the Ma 2.0 conditions shown in Figure 10
(Tests 1-1, 1-2, 2-1, and 2-2). The regions with EHF plume are extracted, and the EHF
concentration is colored in the distribution results. The EHF jet expands and mixes with
the mainstream, and the traverse heights and high-concentration region increase with the
streamwise distance increasing. For Ma = 2.0, the high-concentration region accounts for
merely half of the jet plume with a distinct boundary.
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Figure 10. Central plume structures of EHF jet injected into Ma 2.0 crossflow. (a) Ma = 2.0,
Pj = 2.8 MPa, Tj = 705 K. (b) Ma = 2.0, Pj = 2.8 MPa, Tj = 730 K. (c) Ma = 2.0, Pj = 4.2 MPa, Tj = 707 K.
(d) Ma = 2.0, Pj = 4.1 MPa, Tj = 735 K.

The evolution of the cross-sectional structure is also discussed based on the average
fluorescence signal image of acetone PLIF. The structure and contour plots of the concentra-
tion components of the EHF jets in three different cross-sectional planes at x/d = 100, 180,
and 260 are given in Figure 11 (Tests 1-1, 1-2, and 2-1). The EHF plume regions are extracted
and colored in the concentration distribution. It can be seen that each figure presents a
semicircle shape and expands with the x/d increasing. The semiwidths of the EHF jet
are the same in the corresponding position under different injection temperatures for the
2.8 MPa injection pressure (Figure 11a,b), which increases from 20d to 30d. Comparing the
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semiwidth between the different injection pressures (Figure 11b,c), it expands more under
4.2 MPa with a similar q. An increase in semiwidth obviously occurs at the cross-sectional
plane of x/d = 180 but disappears at x/d = 260. The high-concentration region of the EHF jet
appears in the bottom region of the cross-sectional plane, which is in excellent agreement
with the central distribution. It decreases from the bottom region to the periphery.
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Figure 11. Cross-sectional plume structures of EHF jet injected into Ma 2.0 crossflow. (a) Ma = 2.0,
Pj = 2.8 MPa, Tj = 705 K. (b) Ma = 2.0, Pj = 2.8 MPa, Tj = 730 K. (c) Ma = 2.0, Pj = 4.2 MPa, Tj = 707 K.

Figure 12 shows the numerical results (Figure 12a) and experimental results (Figure 12b)
of the fuel concentration distribution for Ma 2.0, injection pressure 4.1 MPa, and injection
temperature 735 K (Test 2-2). It can be seen that the simulation fuel concentration distribution
is consistent with the experimental results at the center section and cross-sections. The
concentration decreases in different cross-sections along the flow and spread directions.
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Figure 12. Comparison of EHF concentration distribution of flow field: (a) numerical results,
(b) experimental results (Test 2-2).

The structure of the flow field and the EHF distribution have different characteristics
for different injection and incoming flow conditions. Figure 13 shows the calculated fuel
mass fraction for the four injection conditions in the Ma 2.0 crossflow. The simulated
concentration at the center section and cross-sections at x/d = 100, 180, and 260 and the
equivalent surface with the mass fraction of 0.005 are also shown in the contour. It can
be seen that the mass fraction distribution shows similar characteristics under different
working conditions. The 0.005 mass fraction equivalent surface is used as the jet boundary.
The increase in pressure will greatly expand the fuel distribution range, whereas the effect
of temperature on fuel distribution is more significant at high injection pressure; moreover,
the higher the temperature, the smaller the mass fraction equivalent surface distribution
range, which may be since the increase in temperature will accelerate the diffusion rate,
which, in turn, will cause the concentration to drop faster.

4.3. Mixing Characteristics
4.3.1. Concentration Distribution

Figure 14 compares the concentration curves of the EHF jet obtained from experiments
and simulations. The curve data are extracted and normalized from the central contour plots
for plume concentration in streamwise distance x/d = 100 at different injection conditions
under Ma 2.0 incoming flow (Tests 1-1, 1-2, 2-1, and 2-2). It can be seen that the experimental
and simulation results are consistent with each other. With the increase in the penetration
depth (y/d), the concentration distribution shows a fast and then slow power exponential
decreasing law. The results verify the correctness of the simulation. In addition, it can be
seen that the experimentally measured concentration decrease rate is generally higher than
that of the simulation measurements.

Figure 15 shows the concentration curves of the EHF jet along the flow direction at
Ma 2.0 (Tests 1-1, 1-2, 2-1, and 2-2). The curve data are extracted and normalized from the
central concentration contour for the EHF plume at flow distances x/d of 100, 180, and 260.
As can be seen, the highest concentration point starts from the near-wall region (x/d = 100)
and rises in the y direction with the streamwise distance increasing (x/d = 180 and 260),
which is in good agreement with the cross-sectional distribution.

The relative values of the highest concentration points for x/d = 100 to 260 gradually
decrease. x/d = 100 has a more variable concentration curve, indicating that most of the
EHF components are confined within the limited space of the bottom wall, whereas the
concentration curve for x/d = 260 tends to be smooth and flat.
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Figure 14. Comparison of concentration curves obtained by experiments and
simulations. (a) Ma = 2.0, Pj = 2.8 MPa, Tj = 705 K. (b) Ma = 2.0, Pj = 2.8 MPa, Tj = 730 K.
(c) Ma = 2.0, Pj =4.2 MPa, Tj = 707 K. (d) Ma = 2.0, Pj = 4.1 MPa, Tj = 735 K.
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Figure 15. Concentration curves of EHF jet along the flow direction under Ma 2.0. (a) Ma = 2.0,
Pj = 2.8 MPa, Tj = 705 K. (b) Ma = 2.0, Pj = 2.8 MPa, Tj = 730 K. (c) Ma = 2.0, Pj = 4.2 MPa, Tj = 707 K.
(d) Ma = 2.0, Pj = 4.1 MPa, Tj = 735 K.

4.3.2. Mixing Efficiency

The mixing efficiency, ηm, is defined as that fraction of the least available reactant
that would react if the fuel–air mixture was brought to chemical equilibrium without
additional local or global mixing. In fuel-rich regions, all of the local oxygen is considered
“mixed”, whereas in fuel-lean regions, all of the fuel is mixed. The definition of mixing
efficiency is [34]

ηm =

.
mfuel,mix
.

mfuel,total
=

∫
A αRρudA∫
A αρudA

(13)

where
.

mfuel, mix is the mixed fuel mass flow rate,
.

mfuel, total is the total fuel mass flow rate
from flow-field integration, A is the area enclosed by zero fuel defining the extent of the
mixing region, and α is the fuel mass fraction:

αR =

{
α where α ≤ αs(

1−α
1−αs

)
αs where α > αs

and αs is the fuel stoichiometric mass fraction (0.062); when αmax < αs, ηm equals 1.0.
A comparison of the mixing efficiency for the two injection conditions at different

incoming Mach numbers is given in Figure 16. The cross-sections are selected from the
flow distance x/d = 40, 100, 180, and 260, respectively. As can be seen, the mixing efficiency
integrally increases with the location of the distance from the nozzle and infinitely tends
to 1. For the same injection condition, the higher the incoming Mach number, the higher
the mixing efficiency. This trend is consistent with the concentration distribution results
obtained from the experimental study in the previous section. The higher the Mach number
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of the incoming flow, the faster the flow speed, and the greater the degree of wrapping on
the jet, which accelerates the mixing process between the fuel and incoming air, making the
mixing efficiency higher.
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Figure 16. Mixing efficiency at different Mach numbers.

To compare the effect of different injection conditions on the mixing efficiency at the
same incoming Mach number, a comparison of the mixing efficiency at different injection
temperatures for two injection pressures at Ma 2.8 incoming flow is presented in Figure 17.
It can be seen that the mixing is better for the case with low injection pressure because the
low injection pressure corresponds to a lower flow rate, and it is easier to achieve a better
oxygen-enriched state as expected by Equation (13) compared with the case with high
pressure. In addition, the higher the injection temperature, the better the mixing efficiency.
This pattern is also consistent with the findings of the previous section, where an increase in
temperature enhances the diffusivity of the fuel, which, in turn, leads to better mixing with
the air. However, the degree of improvement in mixing efficiency due to the increase in
temperature tends to diminish as the temperature gets higher. Compared with the change
in mixing efficiency from 700 K to 730 K, the increase in mixing efficiency due to the change
in temperature from 730 K to 770 K is not significant. The increase in temperature during
supercritical-state injection has an upper limit on the improvement of mixing efficiency. The
effect of increased temperature on mixing efficiency is more significant for high-pressure
conditions than for low-pressure conditions, which indicates that high injection pressure
enhances the sensitivity of mixing efficiency to temperature changes.
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Figure 17. Mixing efficiency at different injection conditions.

4.3.3. Total Pressure Loss

The induced total pressure loss at the outlet is an important criterion from the perspec-
tive of the optimal design of the injection scheme, in addition to the efficiency of mixing.
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Gao et al. [35] proposed a mass-weighted average total pressure parameter for evaluating
the total pressure loss; this method is expressed in the equation

Pt(x) =

s
dy dz ρuPt(x, y, z)dydz

s
dy dz ρudydz

(14)

A cross-section along the flow direction is weighted to obtain a one-dimensional
distribution of the total pressure in the flow field along the flow direction, which can be
compared with the total pressure of the inlet flow to better compare the total pressure loss of
different solutions. The ratio of the average total pressure and the total inlet flow pressure
defined by Equation (14) for each section is defined as the total pressure recovery factor.

The variation of the total pressure recovery coefficient along the flow direction for two
injection conditions at different Mach numbers is given in Figure 18. As can be seen, the
recovery coefficient before the nozzle is close to 1, rapidly declining in the vicinity of the jet
stream, and the total pressure loss is greater in the Ma 2.8 incoming flow condition. It can
also be seen that the change in operating conditions for the same injection has a greater
effect on the total pressure loss at high Mach numbers.
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Figure 18. Total pressure recovery coefficient at different Ma.

To characterize the effect of injection conditions on the total pressure loss, the variation
of the total pressure recovery coefficient along the flow direction for different injection
temperatures and pressures in the Ma 2.8 incoming flow is presented in Figure 19. It can be
seen that high injection pressure conditions generally cause greater total pressure loss. In
addition, the effect of temperature change on the total pressure loss is almost negligible at
the lower injection pressure condition (2.8 MPa). Furthermore, at higher injection pressure
(4.2 MPa), the total pressure recovery coefficient improved with increasing temperature,
but the higher the temperature, the smaller the degree of improvement.
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Figure 19. Total pressure recovery coefficient at different injecting conditions.
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5. Conclusions

The flow structure, spatial distribution, and mixing characteristics of a supercritical
endothermic hydrocarbon fuel (EHF) jet injected into a supersonic crossflow have been
investigated by experimental and numerical methods. The concentration distribution,
mixing efficiency, and total pressure loss are analyzed.

The supercritical-state EHF directly changes to a gaseous state as it enters the su-
personic crossflow from the injector, and the flow structure formed by the interaction
of the EHF jet and supersonic mainstream captured by the numerical method reveals a
good accuracy with the experimental results. Based on the acetone planar laser-induced
fluorescence (PLIF) method, the EHF jet plume boundary increased with the increasing mo-
mentum flux ratio (q). With the streamwise and spanwise distance increasing, the traverse
heights and expand width increase, and the EHF jet plume presents a semicircle shape
in the cross-sectional plane. With the increase in the traverse direction, the concentration
distribution shows a fast and then slow power exponential decreasing law (x/d = 100);
the highest concentration point starts from the near-wall region (x/d = 100) and rises in
the y direction with the streamwise distance increasing (x/d = 180 and 260). For the same
injection condition, the higher the Ma, the higher the mixing efficiency due to the degree of
wrapping on the jet. For the same Ma, the mixing is better for the case with low injection
pressure and high injection temperature. In addition, high injection pressure enhances the
sensitivity of mixing efficiency to temperature changes. The total pressure loss is greater in
the higher Ma, and high injection pressure conditions cause greater total pressure loss. At
higher injection pressure, the total pressure recovery coefficient improved with increasing
temperature, but the higher the temperature, the smaller the degree of improvement.

The findings of the present paper may be useful for the design of the fuel injection
approach. Of course, research about different injection schemes needs to be carried out in
future work, and, at the same time, the ignition and combustion of supercritical fuel under
high total temperature inflow conditions also should be considered.
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Nomenclature

c sound speed in the gas: m/s u velocity, m/s
d injection orifice diameter, mm υ volume fraction
Ma Mach number x mole fraction
P pressure, Pa ρ density, kg/m3

q jet-to-air momentum flux ratio µ viscosity, mPa·s
T temperature, K
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